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Membrane-associated events during peroxisomal protein
import processes play an essential role in peroxisome function-
ality.Many details of these processes are not knowndue tomiss-
ing spatial resolution of technologies capable of investigating
peroxisomes directly in the cell. Here, we present the use of
super-resolution optical stimulated emission depletion micros-
copy to investigate with sub-60-nm resolution the heterogene-
ous spatial organization of the peroxisomal proteins PEX5,
PEX14, and PEX11 around actively importing peroxisomes,
showing distinct differences between these peroxins.Moreover,
imported protein sterol carrier protein 2 (SCP2) occupies only a
subregion of larger peroxisomes, highlighting the heterogene-
ous distribution of proteins evenwithin the peroxisome. Finally,
our data reveal subpopulations of peroxisomes showing only
weak colocalization between PEX14 and PEX5 or PEX11 but at
the same time a clear compartmentalized organization. This
compartmentalization, which was less evident in cases of strong
colocalization, indicates dynamic protein reorganization linked
to changes occurring in the peroxisomes. Through the use of
multicolor stimulated emission depletion microscopy, we have
been able to characterize peroxisomes and their constituents to
a yet unseen level of detail while maintaining a highly statistical
approach, paving the way for equally complex biological studies
in the future.
Peroxisomes (see Fig. 1A) are small, membrane-enclosed
organelles that fulfill many different functions of eukaryotic
cells, including a variety of metabolic reactions (1). Peroxi-
somes contain a diverse collection of densely packed enzymes
whose composition is largely dependent on the host organism,
cell type, and tissue (2, 3). Peroxisomal function and protein
composition, at a given time, are largely dependent on changes
occurring in the external environment to which it responds
dynamically (4). In human cells, peroxisomes are involved in
the -oxidation of fatty acids, reactive oxygen species detoxifi-
cation, and biosynthesis of different lipids, including plasmalo-
gen, the main component of the myelin sheath (5). Because of
its crucial roles in human metabolism, defects in peroxisomal
function can cause many severe diseases (6, 7). Only a funda-
mental understanding of peroxisomal biogenesis and assembly
will help identifyways to control these diseases, leading to novel
therapeutic strategies.
Most peroxisomal proteins, needed to maintain the diverse
functions of the organelles, are encoded in the nucleus, synthe-
sized in the cytosol, and imported post-translationally from the
cytosol into the peroxisomes (8). These proteins are either
inserted into the peroxisomal membrane or transported into
the peroxisomal matrix. Translocation of folded and even oli-
gomerized proteins across the peroxisomal membrane is a
common principle, which differentiates peroxisomes from
other organelles like mitochondria. Most proteins destined for
the peroxisomal matrix carry a peroxisomal targeting signal,
type 1 (PTS1),5 at their C terminus that is recognized by the
cycling peroxisomal import receptor PEX5.After binding of the
PTS1 cargo protein to PEX5 in the cytosol, this cargo-receptor
complex is directed to the peroxisomal membrane where it
interacts with the peroxisomalmembrane protein PEX14. Here
PEX5 is integrated into the membrane, and it forms a transient
translocation pore together with PEX14 (9, 10) (see Fig. 1A).
Upon cargo translocation, membrane-associated PEX5 is
monoubiquitinated at the cytosolic side of the membrane. This
modification functions as an export signal, resulting in the
ATP-dependent removal of PEX5 from the peroxisomal mem-
brane (11, 12). The released PEX5 is available for another round
of protein import. Although recent studies shed light on func-
tion and mechanisms of the translocation of peroxisomal
matrix proteins across the peroxisomal membrane, many
details of the organization of the peroxisomal translocon
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mainly consisting of PEX14 and PEX5 are not yet known due to
missing spatial resolution in applied standard optical micros-
copy techniques. To overcome this limitation, we implemented
a multicolor super-resolution stimulated emission depletion
(STED) (13)microscope setup that allowed this investigation to
be performed with sub-60-nm resolution (14).
Besides the import complex, represented by PEX14, mem-
brane-bound PEX5, and GFP-sterol carrier protein 2 (SCP2), a
PTS1 cargo protein, we included two further proteins to form a
contrast and control to the peroxisomal import system, the perox-
isomal proliferation factor PEX11 and themitochondrial protein
TOM20.PEX11wasusedas an internal peroxisomal control as it
is supposed to be independent from the peroxisomal import
machinery and one of themost abundant integralmembrane pro-
teins not involved in protein import. PEX11 facilitates the exten-
sion of themembrane during the peroxisomal fission process and
therefore plays an essential role in this process as well as in its
initialization (15). We will simply refer to PEX11 as PEX11
throughout this text. TOM20, a part of the translocation complex
of the outer mitochondrial membrane, represented an external
control as it is localized in anunrelated organelle. Furthermore,
recent super-resolution studies have been performed on
TOM20 localization in the mitochondria (16) and so this pro-
tein also added a control in terms of the quality of our nanoscale
imaging and fixation methods while remaining suitability
detached from the peroxisomes to highlight the similarities
between the stains of peroxisomal proteins.
An increased spatial resolution for imaging peroxisomes
within cells should for the first time allow studying the protein
distribution on the peroxisomal membrane. Possible heteroge-
neity in these distributions in between peroxisomesmay on one
hand highlight yet undetectedmolecular rearrangements at the
membrane linked to peroxisome aging, proliferation, or differ-
ences in the uptake of peroxisomal matrix proteins and most
importantly to peroxisomal malfunction. On the other hand,
these imaging and analysis techniques could easily be trans-
ferred to studying other small cellular organelles such as endo-
somes or lysosomes.
This work introduces the first detailed visualization of per-
oxisomal membrane proteins with subdiffraction resolution in
mammalian cells. Through STED microscopy, we show that
peroxisomes are diverse in their appearance and that no indi-
vidual visualization or qualitative description could accurately
represent their heterogeneity. To solve this issue, we adopted
quantitative imaging and analysis to approach the diverse char-
acteristics of the peroxisomes. Starting with an optimized
multicolor STED imaging protocol, we established a quantita-
tive analysis pipeline involving careful calibration and correc-
tions to ensure that super-resolution was achieved and con-
founding artifacts were corrected. The result of this effort has
been an accurate and thorough characterization of the mor-
phology of peroxisomes by visualization of different peroxi-
somal proteins. We specifically found a subpopulation of per-
oxisomes in which themembrane proteins PEX5 and PEX14 as
well as PEX11 and PEX14 are separated in distinct compart-
ments on the peroxisomal membrane, resulting in lower colo-
calization of these proteins. Our data highlight the power of
STEDmicroscopy but also the need for experimental optimiza-
tion and custom data analysis for revealing novel details of the
spatial organization of proteins at the peroxisomal membrane.
Results
Visualization of PeroxisomalMatrix andMembrane Proteins
viaDual Color STEDMicroscopy—To investigate themorphol-
ogy and size of peroxisomes, we started by imaging the peroxi-
somal membrane marker PEX14 and peroxisomal matrix
marker SCP2 in fixed human fibroblasts (GM5756T). We used
a primary antibody in combination with a secondary fluores-
cently labeled (Abberior STAR600) antibody for immunolabel-
ing PEX14 and transfection with GFP-SCP2 in combination
with Abberior STAR 635P GFP nanobooster for labeling SCP2
and analyzed their distribution on a two-color STED micro-
scope (using 594 and 635 nm laser light for fluorescence exci-
tation and 755 nm as STED laser light (supplemental Fig. 1)).
When imaged with diffraction-limited confocal microscopy
(i.e. without the STED laser light), peroxisomes appear to be
stained homogeneously by both matrix and membrane mark-
ers. However, with the STED microscope, enabling a lateral
resolution below 60 nm for both signals, a clear separation of
peroxisomal membrane and matrix proteins becomes evident
for most of the observed peroxisomes, revealing a broad distri-
bution of heterogeneous features with variation in size from a
minimum of 130 nm to amaximum of 650 nm in diameter (Fig.
1B). Line profiles across typical images of a single peroxisome
(PEX14 staining) displayed a full width at half-maximum of
330 125 nm (mean S.D.; n 100). In some cases, the SCP2
can be found concentrated in round shaped clusters sur-
rounded by the peroxisomal membrane, indicated by the
PEX14 staining. In other cases, PEX14 forms larger, ringlike
structures. Here, the SCP2 does not seem to be in the center of
the peroxisomes but confined to the periphery of the organelle,
attached to the membrane.
Distribution of PEX5, PEX14, PEX11, and TOM20 around
the Peroxisomal Matrix Marker SCP2 via Single Color STED
Imaging—For further investigations on the heterogeneity in
protein organization at peroxisomes, the GFP-SCP2 was used
as a reference marker to identify peroxisomes processing an
active import of PTS1 proteins (note that SCP2 is a PTS1 pro-
tein). Only cells with a bright expression and peroxisomal local-
ization of the GFP-SCP2, indicated by the characteristic punc-
tate pattern of peroxisomal staining, were used for further
analysis (Fig. 2). The GFP-SCP2 signal was acquired in the con-
focal modality, and the spatial distribution of the peroxisomal
proteins (peroxins) PEX14, PEX5, and PEX11,and the mito-
chondrial outer membrane protein TOM20 in the area of the
identified peroxisomes was studied with the STEDmicroscope.
PEX14 and PEX11 reside in the membrane of peroxisomes,
whereas the receptor PEX5 does so only transiently, switching
between cytoplasmic andmembrane-bound states as it shuttles
PTS1-containing proteins into the peroxisome (Fig. 1A). For
studyingmembrane-bound PEX5, only an antibody specifically
recognizing themembrane-bound conformation (17)was used.
Fig. 2 shows representative images of fixed fibroblast cells
with peroxisomal localization of GFP-SCP2 and immuno-
stained for either PEX5, PEX14, PEX11, orTOM20 (see “Exper-
imental Procedures” for details). STED images show that the
Super-resolution STEDMicroscopy of Peroxisomes
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peroxins PEX5, PEX14, and PEX11 are located predominantly
in regions containing GFP-SCP2, and only the TOM20 distri-
bution is clearly distinguishable from the SCP2 location. In
addition, the super-resolved images revealed that the analyzed
peroxins are not homogeneously distributed across the perox-
isomalmembrane but have characteristic spatial organizations.
Although PEX5 and PEX14 show a broad distribution of fea-
tures from small circular blobs to bigger ringlike or elliptical
structures, PEX11 is organized in smaller, more roundish fea-
tures. Conversely and as expected, TOM20 staining is localized
to the mitochondrial network and is, broadly distributed all
over the cell.
To study this system in such a way that the heterogeneity is
properly represented, a detailed imaging acquisition protocol and
an elaborate quantitative image analysis were applied. The perox-
isome locationsweredefined as the intensitymaximaappearing in
the GFP-SCP2 signal (note that the most accurate determination
of these maxima was provided by recording the GFP signal in a
confocal mode, i.e. without the use of nanoboosters or the STED
super-resolution option). Subsequent analysis was then applied to
highlight the characteristics of the protein staining in circular
regions of 380 nm in diameter around 1) the identified peroxi-
somes matrix marker and 2) in randomly selected regions, as a
control, away from the GFP-SCP2 signal (Fig. 3A).
FIGURE 1. STED imaging of peroxisomal membrane andmatrix. A, peroxisomal protein import process. A sketch of a peroxisome (left) and a close-up of a
part of the peroxisomal membrane (right) with peroxisomal import receptor PEX5 (blue); membrane protein PEX14 (orange), both components of the trans-
location pore; PTS1 cargoprotein (green); and proliferation factor PEX11 (yellow). The cargo receptor PEX5binds PTS1-containing cargoproteins in the cytosol,
directs them to the peroxisomal membrane where PEX5 becomes part of the translocation pore, the PTS1-containing cargo proteins become imported, and
PEX5 is released afterward. B, representative dual color confocal (upper left) and STED (lower right) images of fixed human fibroblast cells transfected with the
peroxisomal matrix marker GFP-SCP2 and immunostained for PEX14 (red; Abberior STAR 600 secondary antibody) and GFP-SCP2 (green; GFP nanobooster
Abberior STAR 635P); overview (main panel) and zoom (inset; STED) of area marked in the overview. Arrows, examples of pointlike and ringlike SCP2 intensity
patterns surrounded by PEX14, i.e. the peroxisomal membrane. Scale bars, 5 (overview) and 1 m (inset).
Super-resolution STEDMicroscopy of Peroxisomes
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IntensityCorrelationAnalysis—We first investigated how the
fluorescence intensity detected for the peroxins and TOM20
correlates with that of the GFP-SCP2 staining. For this, the
correlation coefficient was calculated from the paired intensi-
ties around each peroxisome (within the 380-nm-diameter cir-
cle) and averaged over each cell. The distribution of these values
is shown in Fig. 3B. The GFP signal was found to be consistent
across all analyzed conditions, which indicates equal levels of
SCP2, i.e. equal PTS1 protein uptake across all peroxisomes, at
least those that actively participated in protein import. PEX5,
PEX11, and PEX14 show positive intensity correlations with
the GFP signal, whereas TOM20 shows hardly any correlation.
Upon close inspection, PEX14 shows a significantly (p 0.001)
higher intensity correlation (0.63  0.14, mean  S.D.; 1 
maximum correlation, 0  no correlation) compared with
PEX11 (0.45 0.15) and PEX5 (0.45 0.14). This might reveal
the tighter link of PEX14 to the import of PTS1 proteins.
Despite the difference, the correlation coefficient of the GFP-
SCP2 signal with the antibody staining of the different peroxins
is above 0.4 for all three membrane-bound peroxins, indicating
an overall strong relationship between imported SCP2 and the
amount of peroxisomal membrane proteins. Mitochondrially
bound TOM20 in contrast showed only a very low intensity
correlation with SCP2, indicating a weak or no relationship
between PTS1 import and the amount of TOM20 at close prox-
imity to the peroxisomes.
Intensity Distribution Analysis—We next more deeply
hunted possible differences in the abundance of the different
peroxisomal proteins at the peroxisomes by analyzing the fre-
quency distribution of the intensity of the observed signal. As
before, using STEDmicroscopy on the same samples, we deter-
mined the overall intensity of the immunostained peroxins in
each identified peroxisomal regions (selection as before; Fig.
3A) and normalized it to the maximum intensity for each cell,
resulting in values between 0 and 1. The frequency histograms
of these relative intensity values (Fig. 3C, bold lines) confirm
that all the peroxisomes contain measureable amounts of per-
oxisomal membrane proteins PEX5, PEX11, and PEX14. The
intensity frequency histograms of the latter are very alike with
very similar peak and standard deviation values (when approx-
imated by a Gaussian distribution 0.28 0.17 for PEX5, 0.30
0.18 for PEX11, and 0.31 0.16 for PEX14).Moreover, because
there are no zero intensity peaks in our data, it shows that per-
oxisomes actively importing the GFP-SCP2 proteins never lack
one of the three peroxins. Furthermore, the relative intensity of
the TOM20 staining close to the actively importing peroxi-
FIGURE 2. STED imaging of selected peroxisomal andmitochondrial membrane proteins. Representative dual color confocal (upper left) and STED (lower
right) images of fixed human fibroblast cells transfected with the peroxisomal matrix marker GFP-SCP2 (green; always confocal) and immunostained (red) for
PEX5 (upper left panel), PEX14 (lower left panel), PEX11 (upper right panel), and TOM20 (lower right panel), overviews (main panels), and zooms (insets; STED) of
areas marked in the overviews are shown. Scale bars, 5 (overviews) and 1 m (insets).
Super-resolution STEDMicroscopy of Peroxisomes
AUGUST 12, 2016•VOLUME 291•NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 16951
 at D
EF Consortium
 - U
niv Library of Southern D
enm
ark on M
arch 2, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
somes is significantly lower (peak at 0.11) than for the peroxins,
indicating thatmost peroxisomes show low staining of TOM20
relative to the background. The same intensity distribution
analysis was repeated in randomly chosen regions that do not
include anyGFP-SCP2 signal (Fig. 3C, dotted lines). In this con-
trol case, all histograms show a sharp peak close to zero (peak
values0.1) with a significant number of zero intensity events.
For themembrane-associated peroxins, this evidence shows an
expected clear difference in abundance near and far away from
the peroxisomes. In contrast, the intensity distribution of
TOM20 is very similar between peroxisomal and the non-per-
oxisomal regions. However, the statistically relevant higher
peak value in the case of peroxisomal proximity (0.11 versus
0.08) indicates a slightly higher abundance of TOM20 close to
the peroxisomes.
Morphological Analysis—Qualitative visual assessment of
the STED images of protein distributions at the peroxisomes
revealed a great diversity in appearance. As highlighted before,
PEX11 is organized in smaller,more roundish features, whereas
the staining patterns for PEX5 and PEX14 are more heteroge-
neous, ranging from small circular blobs to bigger ringlike or
elliptical structures. To quantify this diversity, a morphology
analysis was performed on the STED images (Fig. 4, left panels)
taken for immunolabeled PEX5, PEX11, PEX14, andTOM20 as
well as for SCP2 (nanobooster). As before, circular regions
around each individual peroxisomewere identified by theGFP-
SCP2 signal. Each selected circular patch (Fig. 4, second panels
from left) was thresholded, and the resulting binary mask (or
structural features; Fig. 4, middle panels) was evaluated for its
morphological properties. A suitable metric for evaluation of
these structures was the comparison of perimeter and area.
This approach allows the broad heterogeneity of cluster shapes
to be visualized in a relatively lowdimensional space in the form
of a scatter plot of paired values (perimeter and area) where
each dot represents one peroxisome within the population of
cells (i.e. depicting variability over all peroxisomes) and the
FIGURE 3. Intensity analysis of protein distributions at peroxisomes.A, scheme of automated algorithm for defining peroxisomal (Perox) (white circles) and
randomnon-peroxisomal (dashedwhite circles) regionsof interest (ROI). OnlyperoxisomeswithGFP-SCP2 signal, i.e. activeprotein import,were chosen. For the
analysis, circular patches of 190-nm radius centered at themaximal intensity (yellow stars) of the confocal GFP-SCP2 signal (green) were chosen for peroxisomal
regions andpatches enclosing noGFP-SCP2 signal for random regions and the detected intensity of the antibody stainingwithin these regionswere analyzed.
B, intensity correlation analysis ofGFP-SCP2 andantibody staining signal (for different proteins PEX5, PEX11, PEX14, andTOM20as labeled); values of 1 indicate
maximum correlation, and 0 indicates no correlation (dashed horizontal line). Shown are individual values from 82 (PEX5), 107 (PEX11), 23 (PEX14), and 47
(TOM20) selected peroxisomes (average and S.D. (error bars); horizontal bars, p test results (NS, non-significant)). C, histograms of the normalized intensity
distribution of PEX5 (top left), PEX11 (top right), PEX14 (bottom left), and TOM20 (bottom right) in the peroxisomal (full lines) and random (dashed lines) regions.
Super-resolution STEDMicroscopy of Peroxisomes
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larger green circles represent values averaged over all peroxi-
somes within one cell (i.e. cell-to-cell variability) (Fig. 4, right
panels). The black line in the scatter plots provides orientation
and represents the perimeter-area dependence that a perfectly
circular structure would show at the different scales. Spherical
structures are expected to lie close to this line, whereas tubular
and ringlike structures possess much greater perimeter values
than expected for a circular area; i.e. the scatter point lies above
the black line. The spread in the value pairs statistically con-
firms the wide range of sizes and shapes in protein organization
at the peroxisomes. However, the morphology analysis now
allows us to characterize differences between the proteins that
become most evident on the cell-averaged values (larger green
circles). Both PEX5 and PEX14 show a broad distribution in
size; however, the morphology diverges from a circular shape
(i.e. the value pairs divert from the black line representing cir-
FIGURE 4.Morphology analysis of protein distributions. Amorphology study of GFP-SCP2 (A), PEX14 (B), PEX5 (C), PEX11 (D) and TOM20 (E) is shown. Left
panels, representative imageof the antibody staining in STED resolution (scale bar, 1m); secondpanels from left, intensity distributionof the antibody staining
in selected peroxisomal regions; third panels from left, thresholded features of distributions of antibody staining around peroxisomes as the basis for the
morphology analysis; right panels, scatter plot of value pairs of area and perimeter of the selected features for all peroxisomes (filled circles; 13,759 (GFP-SCP2),
9,058 (PEX5), 9,784 (PEX11), 2,570 (PEX14), and 4,699 (TOM20) peroxisomes) and for cell-averaged values (green circles; 111 (GFP-SCP2), 82 (PEX5), 107 (PEX11),
23 (PEX14), and 47 (TOM20) cells). Solid lines depict expected dependence for circular features. ROI, region of interest.
Super-resolution STEDMicroscopy of Peroxisomes
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cular shape). A detailed analysis indicates that the morphology
of PEX5 varies more strongly than does that PEX14 and that
PEX5 clusters are slightly (p  0.001) larger on average than
PEX14 clusters. This becomes obvious when comparing the
population average and S.D. for the morphological parameters
for both proteins (average cluster area, 14.9  3.1 (PEX5) and
13.0 1.7 nm2 (PEX14); perimeter length, 510 65 (PEX5) and
485  50 nm (PEX14)). In contrast, PEX11 is slightly less
heterogeneously distributed around a peroxisome, displaying
smaller, more circular shapes with an average area of 5.4 2.3
nm2 and perimeter of 265 80 nm (p 0.001 versus PEX5 and
PEX14). Conversely, randomly chosen regions away from the
peroxisomes show morphologies characterized by very small
and circular patterns (Fig. 4, far right panels), indicating that the
organization of the proteins is distinct at the peroxisomes.
SCP2 staining shows a broad distribution in size, however,
mainly of round shaped features, indicated by the positioning of
the value pairs close to the black line. The average area of the
SCP2 staining patterns is 18.2  4.1 nm2 and the perimeter is
530 60 nm, indicating that on average the SCP2 patterns are
larger and more roundish than those of PEX5 and PEX14 but
similarly heterogeneous in size. The spatial patterning of
TOM20 is very similar at peroxisomal and in randomly selected
regions but forms slightly larger structures (9.0  2.8 versus
6.3 2.0 nm2) with perimeters (370 80 versus 270 60 nm)
at the peroxisomes, which confirms the weak correlation of the
mitochondrial protein with peroxisomal positions.
Colocalization Studies Using Dual Color STEDMicroscopy—
Through using dual color STED imaging, we were able to relate
the spatial staining of more than one protein simultaneously
with a 60-nm spatial resolution. Fig. 5A shows representative
dual color STED images from our study on peroxisomal pro-
teins. We analyzed three different conditions, each a different
pairing of immunolabeled protein, in fixed fibroblasts: PEX5
versus PEX14, PEX11 versus PEX14, and TOM20 versus PEX5.
As before, the signal of the GFP-SCP2 was additionally
recorded in confocal mode as a means of identifying actively
importing peroxisomes. We analyzed more than 30 images for
each condition acquired on at least 10 different cells from at
least three separate samples. Our analysis compares the spatial
distribution of the proteinswithin each peroxisomal region first
by performing a pixel-wise Pearson’s colocalization test to
quantify the colocalization of PEX5/PEX14, PEX11/PEX14,
and TOM20/PEX5 (values of 1 indicate complete colocaliza-
tion, 0 indicates no colocalization, and 1 indicates opposing
colocalization). Fig. 5B shows the histogram of colocalization
values over the entire peroxisome population (solid line).
PEX5/PEX14 show the highest colocalization with a median
Pearson’s value of 0.55 compared with 0.45 for PEX11/PEX14
and 0.22 for TOM20/PEX5.
Two different controls were applied for the colocalization
analysis, a “random region” control (Fig. 5B, dashed line) and a
“flip” control (Fig. 5B, dotted line). The first random region
control was similar to the previous cases (Fig. 5B, upper left
panel; compare with Fig. 3A) with the colocalization of the
staining of the respective two proteins being analyzed in ran-
dom locations away from the peroxisomes. All protein combi-
nations show similarly low colocalization in these randomly
chosen regions. In the second flip control, the colocalization of
the staining of the respective two proteins is calculated within
the peroxisomal regions after mirroring (or flipping) the spatial
signal distribution along the vertical axis in one of the channels
(Fig. 5B, upper left panel). This flip control is used to check the
level of colocalization, which coincidentally arises due to the
dense concentration of the proteins within the peroxisomal
regions. However, in all cases, the protein pairs hardly showed
any colocalization after this flip, indicating that the bulk of
observed colocalization is a reflection of congruent compart-
mentalized protein distributions and does not result from a
general homogeneous distribution around the peroxisomes.
Our data thus highlight strong colocalization of all proteins
within compartments at the peroxisomes with the highest level
for PEX5/PEX14, slightly less for PEX11/PEX14, and the lowest
level for TOM20/PEX5. However, the colocalization of
TOM20/PEX5 is also statistically higher at the peroxisomes
than at random regions, once again highlighting the slightly
increased abundance of TOM20 at the peroxisomes, which
seems to be correlated with the spatial organization of PEX5,
which is also obvious from visual inspection of the images
(Fig. 6).
Compartmentalization Analysis by Dual Color STED
Microscopy—To further highlight the compartmentalized spa-
tial distribution of the proteins at the peroxisomal membrane,
we developed a more rigorous image analysis regime to exam-
ine the trends in the data. This resulted from close inspection of
the two-color STED images where although there was a tend-
ency toward a compartmentalized distribution of the proteins
at the same time there was also an indication that there was a
significant number of peroxisomes with a low level of colocal-
ization, for example PEX5 and PEX14 or PEX11 and PEX14
(Fig. 5A). This is quantitatively shown by a fraction of peroxi-
somes exhibiting a Pearson’s coefficient that tended toward
zero (Fig. 5B). To confirm this tendency, we expanded our colo-
calization analysis. Asmentioned, the spatial intensity distribu-
tion of each protein staining at a single peroxisome is usually
strongly compartmentalized and characterized by multiple
maxima. We determined the locations of the maxima within
the intensity distribution of each protein staining. We plotted
the average interchannel distance between those maxima for a
region against the corresponding Pearson’s correlation value
both for PEX5/PEX14 and PEX11/PEX14, resulting in a recip-
rocal relationship between both parameters. These data show
that large distances betweenmaxima (or strongly compartmen-
talized protein distributions) are characterized by a low colo-
calization with other proteins (Fig. 7 and supplemental Fig. 2).
Representative protein distribution patterns with high and low
Pearson’s correlation values are depicted in Fig. 7C. Peroxi-
somes characterized by high colocalization between PEX5 and
PEX14 or PEX11 and PEX14 appear more circular and less
compartmentalized compared with the low colocalization
cases where multiple maxima are present. Furthermore, note
the slightly stronger colocalization between PEX5 and PEX14
compared with PEX11 and PEX14; however, both comparisons
still show the same tendency between colocalization and
compartmentalization.
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Discussion
Our super-resolution STED imaging of immunostained per-
oxisomes in fixed fibroblasts revealed that peroxisomes are
small, predominantly circular shaped organelles with a het-
erogeneous size and shape distribution. From our analysis,
we show that peroxisomes vary between around 130 and 650
nm in diameter, indicating that subperoxisomal details like
protein distribution and proximity cannot be studied with
standard optical microscopy but require super-resolution
microscopy.
Our study is focused on the investigation of the peroxisomal
import translocon, represented by the PTS1 import receptor
PEX5 and its interaction partner on the peroxisomal mem-
brane, PEX14.We studied the distribution of PEX5 and PEX14
relative to the characteristically punctate peroxisomal matrix
marker SCP2, an indicator of actively importing peroxisomes.
FIGURE5.Colocalization studyofproteinsatperoxisomes.A, representative confocal (upper left) andSTED (lower right) imagesof fibroblast cells transfected
with the peroxisomal matrix marker GFP-SCP2 (blue; only confocal and only in top panels), fixed, and immunolabeled for PEX14 (red) and PEX5 (green) (left),
PEX14 (red) and PEX11 (green) (middle), and TOM20 (green) and PEX5 (red) (right). Overviews (upper panels) and zooms (insets) of regions marked in overviews
are shown. Scale bars, 5 (overviews) and 1m (insets). B, Pearson’s test colocalization analysis of different peroxisomal proteins.Upper left panel, scheme of the
analysis procedure. Circular patches surroundingGFP-SCP2 signal (peroxisomal regionsof interest (ROI)) andnon-GFP-SCP2 signal (randomregionsof interest)
were selected, and colocalization values were calculated using a pixel-wise Pearson’s test. Upper right and lower panels, frequency histogram of Pearson’s test
values (1, opposing colocalization; 0, no colocalization; 1, maximum colocalization) for PEX5 versus PEX14 (upper right), PEX11 versus PEX14 (lower left), and
TOM20 versus PEX5 (lower right) and for random regions of interest (dashed lines), peroxisomal (Perox) regions of interest (solid lines), and flipped (dotted lines)
(number of data points: PEX5-PEX14, 5439; PEX11-PEX14, 6178; TOM20-PEX5, 4305).
Super-resolution STEDMicroscopy of Peroxisomes
AUGUST 12, 2016•VOLUME 291•NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 16955
 at D
EF Consortium
 - U
niv Library of Southern D
enm
ark on M
arch 2, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
Moreover, we investigated the peroxisomal proliferation factor
PEX11, which has no known role in protein import. The distri-
bution of the mitochondrial protein TOM20 was studied as a
non-peroxisomal control.
In the first part of our studies, the super-resolved (60-nm
resolution) STED images disclosed that the matrix marker
SCP2 is not equally distributed in the center of the peroxisomes
in all cases. It sometimes shows a clear shift to one side of the
peroxisome and seems to stick to the membrane (Fig. 1B).
Moreover, the actively importing peroxisomes have a broad
range of shape and sizes, even within one cell, and furthermore
peroxisomal membrane proteins are not equally distributed
over the surfaceofperoxisomesbutare located indistinctdomains
(Fig. 2). To study this phenomenon, we optimized our image
acquisition as well as analysis to further characterize this hetero-
geneity, including a large number of acquired data (more than 30
independent images for each condition) and custom designed
analysis routines to quantitatively highlight the diverse and
global characteristics of peroxisomal membrane proteins.
Single color STED imaging in combination with intensity
correlation analysis revealed a strongly positive correlation of
the intensity of staining for PEX5 and PEX14 at the peroxi-
somes to that of the peroxisomal matrix marker GFP-SCP2
(Fig. 3B). This mainly reveals a positive dependence between
the amount of peroxisomal protein import and the abundance
of PEX5 and PEX11 at the peroxisomal membrane. A statisti-
cally larger correlation of PEX14 with SCP2 suggests that
PEX14 is an indicator of the import activity of peroxisomes and
might be the limiting factor for this process. This would follow
from the known role of PEX14 as an integral part of the import
translocon pore. The slightly lower correlation between SCP2
and PEX5 is most probably a consequence of the transient
localization of PEX5 at the peroxisomal membrane.
An analysis of the heterogeneity in protein staining at each
peroxisome (Fig. 3C) highlights that all actively importing per-
oxisomes contain PEX5 and PEX14; i.e. there is no population
of those peroxisomes lacking one of the two analyzed proteins
involved in the formation of the PTS1 translocon. A detailed
analysis of the morphology of the PEX5 and PEX14 staining
patterns (Fig. 4) reveals a strong heterogeneity in the shape and
size around peroxisomes for both, ranging from small globular
blobs to larger elliptical and ringlike structures. However, the
morphological distribution of staining patterns is very alike for
membrane-bound PEX5 and PEX14 because PEX5 is inte-
grated into the peroxisomal membrane to form the translocon
together with PEX14. However, the distribution of patterns
showed slightly more cell-to-cell variability in the case of PEX5
compared with PEX14, indicating a greater variability in the
peroxisomal localization of PEX5, potentially reflecting a cell-
wide regulation. Themorphology analysis also revealed that the
PEX5 clusters are slightly larger than those of PEX14. This
might possibly represent PEX5 inserting into the membrane
during the docking/insertion process as epitope detection by
the antibody used is only possible after conformational altera-
tions of PEX5 that are supposed to be induced upon contact
with peroxisomal membranes or proteins.
To further explore the fine detail of PEX5 and PEX14 local-
ization, we conducted a dual color STED imaging approach and
a subsequent colocalization analysis (Fig. 5), which again high-
lighted a strong heterogeneity. Most peroxisomes showed a
strong colocalization of both proteins, which is to be expected
from their obvious interaction at the translocon (18–20). How-
ever, our analysis also depicted subpopulations of peroxisomes
showing only a weak colocalization between PEX5 and PEX14.
This could represent stages in which PEX14 is interacting
either with PEX19 (21) or microtubules (22). These both com-
FIGURE 6. Examples of colocalization of PEX5 and TOM20.A representative STED image of human fibroblasts transfectedwith GFP-SCP2 (blue), fixed, and immu-
nolabeled for PEX5 (red) and TOM20 (green) is shown. Also shown are an overview image (left panel) and zooms I–III (right panels) of the respective highlighted areas
in the overview images, visualizing events of colocalization between PEX5 and TOM20 (white arrows). Scale bars, 2 (overview) and 0.5m (zooms).
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pete with PEX5 as they all bind to the same binding site of
PEX14. Nevertheless, to investigate these subpopulations in
more detail, the morphological distribution of peroxins was
compared with their colocalization (Fig. 7 and supplemental
Fig. 2). Cases of strong colocalization are characterized by
roundish and small staining patterns at the peroxisomal mem-
brane, whereas weak colocalization is characterized by larger
ringlike or elliptical staining patterns of both PEX5 and PEX14,
highlighting clear compartmentalized organization. The differ-
ences do not show up as two distinct peroxisome populations,
but rather the protein patterning covers the whole range
between both extremes. We have to note that the variation of
the staining patterns in size and shape between ringlike and
dotted features does not follow from imaging peroxisomes at
different axial planes (e.g. at the equatorial versus basal plane)
because such artificial heterogeneity should correlate with total
intensity of the patterns (dotted patterns should show lower
intensities), which we did not observe.
In the case of the peroxisomal proliferation factor PEX11,
our STED microscopy analysis also revealed that PEX11 is
located at all actively importing peroxisomes, showing their
capability to proliferate, and that PEX11 is not specifically
recruited to peroxisomes to initiate proliferation. This is fur-
ther supported by the fact that the amount of PEX11 is corre-
lated with the amount of imported protein. Although not con-
firmed by quantitative data, this correlation might follow from
an increased size of the peroxisome; i.e. the larger a peroxisome
becomes, the more PEX11 it contains, opening up the specula-
tion that a certain amount of PEX11 might trigger the imple-
mentation of peroxisomal fission to maintain peroxisomal size.
In contrast to PEX5 and PEX14, the morphology of PEX11 is
clearly different, being much smaller and more round. To our
knowledge, this is the first high resolution analysis of endoge-
nous PEX11 compartmentalization in human cells. In previous
studies, oftenmodifications of PEX11, likeGFP-PEX11 fusion
proteins, were used under overexpression conditions (23, 24). It
is known that PEX11 interacts with itself and forms oligomers
(25–28), most likely leading to the formation of roundish
PEX11 clusters at the peroxisomal membrane. Whether these
small clusters of PEX11 are starting points for membrane
FIGURE 7.Compartmentalization of peroxisomalmembrane proteins. A, anticorrelation between compartmentalization and colocalization of PEX5 versus
PEX14 (left) and PEX11 versus PEX14 (right). Normalized frequency plots of value pairs of average nearest distance between maxima within the intensity
distribution (as a measure of compartmentalization) and Pearson’s colocalization test from single peroxisomes (5439 for PEX5-PEX14 and 6178 for PEX11-
PEX14) are shown. B, representative patterns of the intensity distribution in the circular regions around single peroxisomes from PEX5 and PEX14 (upper two
panels) and PEX11 and PEX14 (lower two panels) derived fromdual color STED images and ordered from the highest to the lowest Pearson’s test colocalization
value (left to right as labeled). Only the extreme cases of high and low colocalization are shown; medium cases are left out (white boxes; for full sequences see
supplemental Fig. 2). C, representative dual color STED images of PEX5 (green) and PEX14 (red) (upper panels) as well as PEX11 (green) and PEX14 (red) (lower
panels) for strong colocalization (Pearson’s test values0.6) and low compartmentalization of both proteins (left panels) and for low colocalization (Pearson’s
test values0.4) and high compartmentalization of both proteins (right panels). Scale bars, 200 nm.
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extensions for peroxisomal proliferation cannot be justified
from our data. Such starting points are thought to be tubular
extensions, which are still too small to be visualized with a spa-
tial resolution of 60 nm, or these regions might be excluded
from our analysis as they do not contain matrix proteins like
GFP-SCP2 (24, 29, 30). Moreover, cells containing predomi-
nantly tubulated peroxisomes, a known change in peroxisomal
morphology prior to fission (31), were excluded from the anal-
ysis to concentrate on one population of peroxisomes only, and
the investigation of peroxisomal fission with super-resolution
microscopy will be a challenging task for future investigations;
our current study was rather focused on the peroxisomal
translocon. Nevertheless, PEX11 shows a high colocalization
with PEX14, indicating an association between PEX11 and
PEX14, i.e. a localization of PEX14 close to the smaller PEX11
domains. Conversely, there is a huge amount of PEX14 staining
in areas not containing any PEX11.
As mentioned, the staining patterns for PEX5 and PEX14 at
the peroxisomal membrane vary from concentrated round fea-
tures to elliptical, ringlike structures. In some cells, the forma-
tion of the latter ringlike structures appears synchronized as if
the formation of this morphology is triggered by an unknown
signal (Fig. 8A). The physiological relevance of these different
morphologies remains speculative. One possible explanation
may be amembrane remodeling shortly before the induction of
the fission process. However, PEX11 should be involved in this
progress, but the morphology of this protein gives no hint as to
the formation of membrane extensions, the initial step of per-
oxisomal proliferation. Another possibility may be a difference
in the uptake of peroxisomal matrix proteins through the per-
oxisomal translocon. Here a separation of PEX14 and PEX5 at
the membrane may indicate a less active import, possibly
caused by maturation of the peroxisomes, such as a decrease in
import activity in older peroxisomes. However, a decreased
import may also be present in peroxisomes of aging cells, rep-
resenting a known decrease in peroxisomal protein import in
such cells (32). We have to note that the variation between
ringlike and dotted features cannot be explained.
Using the mitochondrial protein TOM20 as a non-peroxi-
somal control in all the analyses, we found a slightly but
statistically significant higher abundance of TOM20 at the
peroxisomalmembranecomparedwith randomnon-peroxisomal
regions. Functional association and contact sites between mito-
chondria andperoxisomeshave beendescribed (33, 34).However,
whether our observations represent those possible contact sites
between peroxisomes and mitochondria or a mistargeting of
TOM20 to peroxisomes remains to be elucidated.
Although the presented data are descriptive and do not give
a functional explanation of the observed phenomena, we
describe for the first time the organization of different peroxi-
somal membrane proteins. This method can help to under-
stand remodeling of the membrane-associated proteins during
peroxisomal protein import, maturation, and fission as well as
at malfunctioning peroxisomes, which will be the topic of
future investigations. However, the outlined procedures also
provide tools for investigating protein organization at other
small organelles such as endosomes or lysosomes.
In future studies, we intend to optimize super-resolution
STED imaging on peroxisomes by implementing further colors,
i.e. being able to correlate the positions of evenmore proteins in
super-resolution mode (as highlighted for actin in Fig. 8B), and
byusingSTEDmicroscopywith improved spatial resolution along
all three spatial dimensions (35).Nevertheless, throughusingmul-
ticolor STEDmicroscopy, we have been able to characterize per-
oxisomes and their constituents to a so far unprecedented level of
detail while maintaining a highly statistical approach, paving the
way for equally complex biological studies in the future.
Experimental Procedures
Sample Preparation
Human fibroblasts (GM5756T;Moser, Baltimore, MD) were
maintained in a culture medium consisting of DMEM with
4500 mg of glucose/liter and 110 mg of sodium pyruvate/liter
supplemented with 10% fetal calf serum, 2 mM glutamine, and
1% penicillin-streptomycin. The cells were cultured at 37 °C in
FIGURE 8. A, example of synchronized appearance of ringlike PEX5-PEX14 intensity distribution patterns around single peroxisomes. A representative dual
color STED image of human fibroblasts fixed and immunolabeled for the PEX5 (green) and PEX14 (red), overview image (main panel), and zoom (inset) of the
markedareadepicting the ringlikepatterns are shown.Scale bars, 5 (overview) and1m(inset).B, four-color imaging. Representative confocal (upper left corner)
and STED (lower right) images of fixed human fibroblast cells transfected with GFP-SCP2 (cyan; always confocal mode), fixed, and immunolabeled for PEX5
(green), PEX14 (red), and -actin (gray) are shown. Scale bar, 5 m.
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5% CO2. Cells were grown on Number 1.5 cover slides and
transfected with peGFP-SCP2 (36) using Lipofectamine 2000
transfection reagent (Invitrogen). 24 h after transfection, the
cells were fixed with 3% formaldehyde in PBS, permeabilized
for 6 min with pure methanol at 20 °C, and blocked with 2%
BSA 5% FCS in PBS for 1 h at room temperature. Permeabi-
lization with methanol was used as Triton X-100 is known to
extract PEX11 from the peroxisomal membrane (37). Samples
were incubated with primary antibodies in blocking buffer for
1 h at room temperature. To stain peroxisomal proteins, anti-
bodies recognizing PEX14 (38), PEX5 (17), and PEX11B
(Abcam, Cambridge, UK) were used. Mitochondria were
visualized using an antibody against TOM20 (FL-145, Santa
Cruz Biotechnology, Dallas, TX). After several washing
steps, the cells were incubated for 30 min with secondary
antibodies conjugated to Abberior STAR 600 and/or
Abberior STAR Red (Abberior Instruments, Goettingen,
Germany) diluted 1:250 in 1% BSA in PBS. To perform
super-resolution imaging also on the GFP-SCP2 protein, a
GFP nanobooster conjugated to Abberior STAR 635P (Chro-
moTek GmbH, Planegg-Martinsried, Germany) diluted
1:200 was used. To perform four-color imaging, phalloidin-
ATTO490LS (Sigma-Aldrich) was used to label actin fila-
ments. After several washing steps, the slides were mounted
on a drop of Mowiol (Sigma-Aldrich). We tested and com-
pared different immunolabeling and fixation protocols to
minimize artifacts due to unspecific binding or fixation/im-
munolabeling-induced changes in protein distribution.
Supplemental Fig. 1 depicts the use of fluorescent crimson
beads. Fluorescent microspheres (FluoSpheres; crimson (625/
645); diameter, 0.02 m; Invitrogen) were diluted 1:104 in Mil-
li-Q water, a drop of the diluted beads was attached to the cov-
erslip using poly-L-lysine (Sigma-Aldrich), and finally the
coverslip was mounted on amicroscope slide and embedded in
the mounting mediumMowiol (Sigma-Aldrich).
For nuclear pore immunolabeling (supplemental Fig. 1),
human fibroblast cells (GM5756T) were fixed with 3% parafor-
maldehyde for 10 min, rinsed several times in PBS, permeabi-
lized in 0.1%TritonX-100 for 10min, rinsed again several times
in PBS, and finally blocked in 2% BSA 5% FCS in PBS for 1 h.
Samples were incubated with primary mouse antibodies to
stain nuclear pore complexes (Abcam) diluted 1:500 in blocking
buffer for 1 h at room temperature. Coverslips werewashed five
times in 1%BSA in PBS and then incubated for 30minwith goat
anti-mouse antibodies Abberior STAR 600, Abberior STAR
Red, andATTO490LS diluted 1:250 in blocking buffer. Samples
were washed five times in 1% BSA in PBS and mounted in
Mowiol.
STED Setup
Supplemental Fig. 1 depicts the scheme and the performance
of the STED microscope. The multicolor STED microscope
was realized by coupling a titanium-sapphire STED laser
(MaiTai HP, Spectra-Newport) into an Abberior Instruments
Resolft system (14). This system has been configured to work
with three pulsed excitation lasers (640, 594, and 485 nm; LDH-
D-C-640P and LDH-D-C-485P, Picoquant, Berlin, Germany,
and PDL 594, Abberior Instruments). This adaptation included
(i) the spatial overlay of the three excitation and STED lasers
using a main dichroic mirror (ZT740SPRDC, AHF Analysen-
technik, Tuebingen, Germany) and a sufficient amount of mir-
rors to control the beam pathways (at least two in each separate
beam), (ii) the temporal synchronization of the laser pulses by
triggering the excitation laser diodes with the STED laser using
a photodiode (APS-100-01, Becker and Hickl, Berlin, Ger-
many), (iii) the shuttering and adjusting of the power of the STED
laser with an acousto-opticalmodulator (MT110-B50A1.5-IRHK,
Photon Lines, Banbury, UK), (iv) the stretching of the STED laser
pulses using two 20-cm-long glass rods (SF6 glass) and a 120-m-
long singlemode polarization-maintaining fiber (AMSTechnolo-
gies/OZ Optics), (v) the incorporation of a vortex phase plate
(VPP-1a, RPC Photonics, Rochester, NY) into the collimated
STED beam after the fiber realizing the doughnut-shaped inten-
sity distribution at the focus, and (vi) the exact control of the cir-
cular polarization of the STED laser by introducing a half-wave
plate and a quarter-wave plate along the optical path of the STED
beam(B.Halle,Berlin,Germany).Toensure stabilityof theoverlay
andperfect polarization and to achieve zero local doughnut inten-
sity, we utilized careful detection of the laser polarization
(SK010PA-VIS, SchaefterKirchhoff, Hamburg, Germany), sta-
ble mirror holders, polarization-maintaining single mode fibers,
and mirrors and polarization optics with /10 surface flatness
(especially dichroic mirrors with a 5-mm substrate
(ZT740SPRDC, AHF Analysentechnik)) to maintain the laser
wave fronts. The excitation and STED beams were coupled into a
100 /1.4 numerical aperture oil immersion objective lens
(UPlanSApo 100/1.4 oil, Olympus, Japan). To precisely set the
time alignment between laser pulses the microscope’s FPGA-PC
card was utilized. For scanning the excitation and STED beams,
the beam scanning unit of theAbberior systemwas exploited. The
movement along the z axis was controlled by a piezo stage
(MIPOS100, Piezosystem Jena GmbH, Jena, Germany). To detect
and separate the fluorescence signal, three different avalanche
photodiodes and three different color filters were utilized (APD1,
500–570 nm; APD3, 605–625 nm; APD2, 650–730 nm). All
acquisition operations were controlled by the microscope’s
Imspector software (Abberior Instruments).
Imaging—The custom built microscope guaranteed the
imaging of up to three different super-resolved signals (STED
laser, 755 nm) optimized for the fluorescent labels Abberior
STAR 600 (excitation, 594 nm; detection, APD3), Abberior
STAR RED (excitation, 635 nm; detection, APD2), and
ATTO490LS (excitation, 488 nm; detection, APD2) and one
confocal channel to detect GFP emission (excitation, 488 nm;
detection, APD1). A total of four overlapping images (three
STED and one confocal) can be acquired, making it a flexible
instrument to determine spatial distributions and proximities
of multiple molecules at subdiffraction detail (Fig. 8B).
By selecting a 755-nm doughnut intensity distribution of the
focused STED laser, this microscope provided a lateral resolu-
tion below 60 nm for imaging of dyes such as Abberior STAR
RED and Abberior STAR 600 and a lateral resolution under 80
nm for the long Stokes shift dye ATTO490LS. We experienced
negligible cross-talk (5%) between the fluorescence collected
confocally in APD1 (GFP signal) and in APD2 (Abberior STAR
RED or ATTO490LS) or APD1 and APD3 (Abberior STAR
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600). Consequently, the confocal and STED recordings were
acquired in parallel. Cross-talk between the STED recordings in
APD2 and APD3 were minimized by subsequently recording
the images for each label (line-by-line or frame-by-frame alter-
ation). Spatial drift occurring during these serial acquisitions
was corrected for by using the repeatedly recorded GFP-SCP2
confocal signal (APD1) as a reference.
The biggest advantage of this microscope, intrinsic to its
design (39), was that no chromatic aberration occurred between
the three super-resolved signals as only one doughnut-shaped
STED laserwas applied, which defined the position of the residual
fluorescence of all labels. The only chromatic correction that
remained to consider was between the GFP confocal signal (no
STED beam on) and the super-resolution signals. To overcome
this problem, the necessary chromatic correction was calculated
through visualization and registration of TetraSpeck beads
(0.1-m TetraSpeck microspheres, Life Technologies) imaged
under the same imaging regime as the experimental samples.
Only cells transfected with GFP-SCP2 showing a punctate
peroxisomal pattern and normal shape were chosen for imag-
ing. For each selected cell, an area of 30 30 mwas detected
at a fixed pixel size of 20 nm and a fixed pixel dwell time of 40s.
Excitation powers were measured at the back aperture of the
objective lens: 35 microwatts for 485 nm, 45 microwatts for 594
nm, and 20 microwatts for 640 nm. To provide the same spatial
resolution for Abberior STAR RED and Abberior STAR 600, the
755 nmSTED laser powers were adapted to 80 and 150milliwatts
(back aperture of the objective lens) for the two dyes, respectively.
Image Analysis—Raw images were processed to correct for
chromatic shift between the STED and confocal channels, and
two-color STED images were also corrected for any drift occur-
ring during their acquisition. The magnitude of the chromatic
correction applied was estimated through visualization and
registration of TetraSpeck beads imaged under the same imag-
ing regime as the experimental samples. Drift correction was
estimated through repetitive imaging of the GFP-SCP2 signal
andwas only necessary when two ormore wavelength channels
were acquired under the STED regime. The displacement
between the first and second acquired GFP-SCP2 images was
calculated through translation of one of the input images rela-
tive to the other using a 18 18-pixel search window (the drift
was observed to not be greater than thismargin). At each trans-
lation point, the product of the two images was calculated, and
the overall minimum product was taken to represent the best
registration of the two images. Through registration of the
acquired GFP-SCP2 images, it was then possible to correct the
STED images with a high degree of accuracy as these were
acquired simultaneously to the GFP-SCP2 channels.
Maximum Finding Algorithm—Individual peroxisome frag-
ments were identified from the GFP-SCP2 channel using the
Fiji/ImageJ “Find Maxima” algorithm on a Gaussian smoothed
image (  2.0). Detection of maxima was kept consistent
throughout using a noise tolerance parameter of “10.” A circu-
lar region (diameter, 19 pixels; 380 nm) was then superimposed
on each detected location, and all of the regions were saved for
subsequent analysis. For every detected region, a random loca-
tionwas also generated to sample areas whereGFP-SCP2 stain-
ing and thus peroxisomeswere not likely to be present. Thiswas
achieved by randomly translating each of the detected regions
to a different point within a 180-pixel radius of the original
location but constrained so as not to pick an existing region,
which might contain another fragment of GFP-SCP2 fluores-
cence. This method was effective at finding random regions
that were close to the peroxisome fragments but not overlap-
ping and so ensured accurate comparisons between peroxi-
some-containing and non-peroxisome regions. These ran-
domly perturbed regions were saved and used for subsequent
comparisons as with the original set.
Correlation Analysis and Coefficient Calculation—Correla-
tion analysis was performed on the raw pixel data in each of the
previously detected regions (Fig. 2B). The intensity contained
within each region was first integrated, in the GFP-SCP2 and in
the STED channel under comparison, to form each measure-
ment pair (gi, ri), and then the Pearson’s correlation coefficient
was calculated from all the measurements (I) in each cell.
 
i1I 	gig
	rir
i1I 	gig
2i1I 	rir
2 (Eq. 1)
where g and r are equal to the mean intensity of all the
summed patches in the cell. To compare the mean values of
correlation from each condition, one-way analysis of variance
was performed with Tukey’s pairwise comparison to test for a
statistical difference between the comparisons.
Intensity Analysis—To establish the intensity distribution
profile of each channel, a histogram was created over the inte-
grated intensity values of the peroxisomal (gi) and random
(grandi) regions i. For each cell, the individual measurements in
both sets were normalized (gi/max(gi), grandi/max(gi)) with the
maximum integrated intensity (max(gi)) within the cell and then
binned using a bin size of 0.04, representing 25 bins between 0.0
and 1.0. The histogram for each condition was then accumulated
by pooling all of the normalized values from all cells.
Morphology Analysis—To establish the shape distribution of
peroxin stainings and the nanoboosted GFP signal, a morpho-
logical analysis was performed. In each detected peroxisomal
and complementary random region, the intensity values were
isolated and thresholded using the Fiji/ImageJ “MaxEntropy”
method. The resulting segmented binary mask was then
despeckled and eroded one iteration to produce an accurate
representation of the bright cluster staining in each region.
Each cluster was then analyzed, comparing its perimeter (pixels
around the edge) and its area (total pixels). Each cluster was
then plotted, comparing perimeter and area. Clusters that are
perfectly circular will have a close relationship, linking their
perimeter to the circumference of a circle, 	d (shown by the
curve superimposed on each graph; Fig. 4). Particles that are
non-spherical, tubular, or fragmented will have a perimeter
	d where d is the diameter of the circle.
Pearson’s ValueColocalization—To compare the spatial sim-
ilarities of the peroxin stains in the STED resolution images, a
pixel-based colocalization analysis was performed. For each
detected region, the individual pixel values j were correlated
using the Pearson’s test.
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 
j1R 	gpjgp
	rpjrp
j1R 	gpjgp
2j1R 	rpjrp
2 (Eq. 2)
where gpj and rpj represent the individual pixel values for the
first and second detection channels, respectively, and gp and
rp represent the average intensities over the region in the
respective channel. Data from each region of every cell were col-
lated, and a histogram was generated over the data. The analysis
was repeated for the randomly positioned regions and using the
peroxisomal regions but with the spatial arrangement of the input
pixels flipped in thesecondof the twochannels.Thepurposeof the
flip was to test how high the colocalization value would be as a
result of chance/coincidence colocalization, a possible conse-
quence of dense protein packing within the peroxisome.
Compartmentalization Analysis—Having found the colocal-
ization coefficient for each region, we were interested in estab-
lishing how different levels of colocalization corresponded to
different spatial arrangements of the fluorescence in each
region. Todo this, we smoothed the individual regions ( 1.0)
and then used amaximum finding algorithm to locate themax-
ima in the intensity distribution of each channel. This analysis
was performed using Python scripting language and custom
written functions. First, a maximum filter was applied to a
smoothed input region, and the output of this was stored. The
stored output was then compared pixel by pixel with the input
region, and the matching values were saved. These stored pixel
locations, which were the same value in the input patch and the
output maximum filter, represented the local maxima. These
detected sets of local maxima were then refined, only those
maxima within 50% of the global maxima were retained, and
any regions that were very flat (e.g. all zero values) were also
excluded. From these locations of maxima, we then measured
the distance to the nearestmaxima in the complementary chan-
nel, recording the interchannel average distance for all the
peaks in the region. These data were then plotted, comparing
the colocalization values for each patch region against the aver-
age distance between the nearest maxima.
Author Contributions—S. G. conducted most of the experimental
work andmicroscopy development. D. W. developed and performed
the data analysis. K. R. helped with the experimental work.
L. D. C.-Z. helped in optimizing protocols. E. G. helped in optimiza-
tion of the immunolabeling. M. P. C. helped with experimental
setup. C. E., S. G., D. W., K. R., W. S., and R. E. designed research.
C. E., S. G., D. W., and K. R. wrote the manuscript. All authors com-
mented on the manuscript and research.
Acknowledgments—We thank the Wolfson Imaging Centre Oxford
and Christoffer Lagerholm for providing microscope facility support
for data acquisition and analysis.
References
1. Smith, J. J., and Aitchison, J. D. (2013) Peroxisomes take shape. Nat. Rev.
Mol. Cell Biol. 14, 803–817
2. Kunau, W.-H. (2006) Peroxisomes: morphology, function, biogenesis and
disorders. Biochim. Biophys. Acta 1763, 1363–1808
3. Gabaldo´n, T. (2010) Peroxisome diversity and evolution. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 365, 765–773
4. Islinger, M., Grille, S., Fahimi, H. D., and Schrader, M. (2012) The perox-
isome: an update on mysteries. Histochem. Cell Biol. 137, 547–574
5. Braverman, N. E., andMoser, A. B. (2012) Functions of plasmalogen lipids
in health and disease. Biochim. Biophys. Acta 1822, 1442–1452
6. Nagotu, S., Kalel, V. C., Erdmann, R., and Platta, H. W. (2012) Molecular
basis of peroxisomal biogenesis disorders caused by defects in peroxi-
somal matrix protein import. Biochim. Biophys. Acta 1822, 1326–1336
7. Waterham, H. R., Ferdinandusse, S., and Wanders, R. J. (2016) Human
disorders of peroxisome metabolism and biogenesis. Biochim. Biophys.
Acta 1863, 922–933
8. Le´on, S., Zhang, L., McDonald, W. H., Yates, J., 3rd, Cregg, J. M., and
Subramani, S. (2006) Dynamics of the peroxisomal import cycle of
PpPex20p ubiquitin-dependent localization and regulation. J. Cell Biol.
172, 67–78
9. Meinecke, M., Cizmowski, C., Schliebs, W., Kru¨ger, V., Beck, S., Wagner,
R., and Erdmann, R. (2010) The peroxisomal importomer constitutes a
large and highly dynamic pore. Nat. Cell Biol. 12, 273–277
10. Erdmann, R., and Schliebs, W. (2005) Peroxisomal matrix protein import:
the transient pore model. Nat. Rev. Mol. Cell Biol. 6, 738–742
11. Platta, H. W., Grunau, S., Rosenkranz, K., Girzalsky, W., and Erdmann, R.
(2005) Functional role of the AAA peroxins in dislocation of the cycling
PTS1 receptor back to the cytosol. Nat. Cell Biol. 7, 817–822
12. Miyata, N., and Fujiki, Y. (2005) Shuttling mechanism of peroxisome tar-
geting signal type 1 receptor Pex5: ATP-independent import andATP-de-
pendent export.Mol. Cell. Biol. 25, 10822–10832
13. Hell, S. W., and Wichmann, J. (1994) Breaking the diffraction resolution
limit by stimulated-emission-stimulated-emission-depletion fluores-
cence microscopy. Opt. Lett. 19, 780–782
14. Clausen, M. P., Galiani, S., Bernardino de la Serna, J., Fritzsche, M., Cho-
jnacki, J., Gehmlich, K., Lagerholm, B. C., andEggeling, C. (2013) Pathways
to optical STED microscopy. NanoBioImaging 1, 1–12
15. Schrader, M., Costello, J. L., Godinho, L. F., Azadi, A. S., and Islinger, M.
(2016) Proliferation and fission of peroxisomes—an update. Biochim. Bio-
phys. Acta 1863, 971–983
16. Wurm, C. A., Neumann, D., Lauterbach, M. A., Harke, B., Egner, A., Hell,
S. W., and Jakobs, S. (2011) Nanoscale distribution of mitochondrial im-
port receptor Tom20 is adjusted to cellular conditions and exhibits an
inner-cellular gradient. Proc. Natl. Acad. Sci. U.S.A. 108, 13546–13551
17. Cizmowski, C., Jung, M., Erdmann, R., and Schliebs, W. (2011) A mono-
clonal antibody for in vivo detection of peroxisome-associated PTS1 re-
ceptor. Hybridoma 30, 387–391
18. Schliebs, W., Saidowsky, J., Agianian, B., Dodt, G., Herberg, F. W., and
Kunau, W.-H. (1999) Recombinant human peroxisomal targeting signal
receptor PEX5 structural basis for interaction of PEX5with PEX14. J. Biol.
Chem. 274, 5666–5673
19. Saidowsky, J., Dodt, G., Kirchberg, K., Wegner, A., Nastainczyk, W., Ku-
nau,W.-H., and Schliebs,W. (2001)The di-aromatic pentapeptide repeats
of the human peroxisome import receptor PEX5 are separate high affinity
binding sites for the peroxisomalmembrane protein PEX14. J. Biol. Chem.
276, 34524–34529
20. Otera, H., Setoguchi, K., Hamasaki, M., Kumashiro, T., Shimizu, N., and
Fujiki, Y. (2002) Peroxisomal targeting signal receptor Pex5p interacts
with cargoes and import machinery components in a spatiotemporally
differentiated manner: conserved Pex5pWXXXF/Ymotifs are critical for
matrix protein import.Mol. Cell. Biol. 22, 1639–1655
21. Neufeld, C., Filipp, F. V., Simon, B., Neuhaus, A., Schu¨ller, N., David, C.,
Kooshapur, H., Madl, T., Erdmann, R., Schliebs, W., Wilmanns, M., and
Sattler, M. (2009) Structural basis for competitive interactions of Pex14
with the import receptors Pex5 and Pex19. EMBO J. 28, 745–754
22. Bharti, P., Schliebs, W., Schievelbusch, T., Neuhaus, A., David, C., Kock,
K., Herrmann, C., Meyer, H. E., Wiese, S., Warscheid, B., Theiss, C., and
Erdmann, R. (2011) PEX14 is required for microtubule-based peroxisome
motility in human cells. J. Cell Sci. 124, 1759–1768
23. Koch, J., Pranjic, K., Huber, A., Ellinger, A., Hartig, A., Kragler, F., and
Brocard, C. (2010) PEX11 family members are membrane elongation fac-
tors that coordinate peroxisome proliferation andmaintenance. J. Cell Sci.
123, 3389–3400
24. Delille, H. K., Agricola, B., Guimaraes, S. C., Borta, H., Lu¨ers, G. H., Fran-
sen, M., and Schrader, M. (2010) Pex11p-mediated growth and division
Super-resolution STEDMicroscopy of Peroxisomes
AUGUST 12, 2016•VOLUME 291•NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 16961
 at D
EF Consortium
 - U
niv Library of Southern D
enm
ark on M
arch 2, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
ofmammalian peroxisomes follows amaturation pathway. J. Cell Sci. 123,
2750–2762
25. Marshall, P. A., Dyer, J. M., Quick, M. E., and Goodman, J. M. (1996)
Redox-sensitive homodimerization of Pex11p: a proposed mechanism to
regulate peroxisomal division. J. Cell Biol. 135, 123–137
26. Li, X., and Gould, S. J. (2002) PEX11 promotes peroxisome division inde-
pendently of peroxisome metabolism. J. Cell Biol. 156, 643–651
27. Rottensteiner, H., Stein, K., Sonnenhol, E., and Erdmann, R. (2003) Con-
served function of pex11p and the novel pex25p and pex27p in peroxi-
some biogenesis.Mol. Biol. Cell 14, 4316–4328
28. Tam, Y. Y., Torres-Guzman, J. C., Vizeacoumar, F. J., Smith, J. J., Marelli,
M., Aitchison, J. D., and Rachubinski, R. A. (2003) Pex11-related proteins
in peroxisomedynamics: a role for the novel peroxin Pex27p in controlling
peroxisome size and number in Saccharomyces cerevisiae.Mol. Biol. Cell
14, 4089–4102
29. Schrader, M., Reuber, B. E., Morrell, J. C., Jimenez-Sanchez, G., Obie, C.,
Stroh, T. A., Valle, D., Schroer, T. A., and Gould, S. J. (1998) Expression of
PEX11mediates peroxisome proliferation in the absence of extracellular
stimuli. J. Biol. Chem. 273, 29607–29614
30. Koch, A., Schneider, G., Lu¨ers, G. H., and Schrader,M. (2004) Peroxisome
elongation and constriction but not fission can occur independently of
dynamin-like protein 1. J. Cell Sci. 117, 3995–4006
31. Yamamoto, K., and Fahimi, H. D. (1987) Three-dimensional recon-
struction of a peroxisomal reticulum in regenerating rat liver: evidence of
interconnections between heterogeneous segments. J. Cell Biol. 105,
713–722
32. Legakis, J. E., Koepke, J. I., Jedeszko, C., Barlaskar, F., Terlecky, L. J., Ed-
wards, H. J., Walton, P. A., and Terlecky, S. R. (2002) Peroxisome senes-
cence in human fibroblasts.Mol. Biol. Cell 13, 4243–4255
33. Braschi, E., Goyon, V., Zunino, R., Mohanty, A., Xu, L., and McBride,
H. M. (2010) Vps35 mediates vesicle transport between the mitochondria
and peroxisomes. Curr. Biol. 20, 1310–1315
34. Shai, N., Schuldiner, M., and Zalckvar, E. (2016) No peroxisome is an
island—peroxisome contact sites. Biochim. Biophys. Acta 1863,
1061–1069
35. Gould, T. J., Burke, D., Bewersdorf, J., and Booth, M. J. (2012) Adaptive
optics enables 3DSTEDmicroscopy in aberrating specimens.Opt. Express
20, 20998–21009
36. Stanley, W. A., Filipp, F. V., Kursula, P., Schu¨ller, N., Erdmann, R.,
Schliebs, W., Sattler, M., andWilmanns, M. (2006) Recognition of a func-
tional peroxisome type 1 target by the dynamic import receptor pex5p.
Mol. Cell 24, 653–663
37. Schrader, M., Almeida, M., and Grille, S. (2012) Postfixation detergent
treatment liberates themembranemodelling protein Pex11 from perox-
isomal membranes. Histochem. Cell Biol. 138, 541–547
38. Will, G. K., Soukupova, M., Hong, X., Erdmann, K. S., Kiel, J. A., Dodt, G.,
Kunau,W.H., and Erdmann, R. (1999) Identification and characterization
of the human orthologue of yeast Pex14p.Mol. Cell. Biol. 19, 2265–2277
39. Go¨ttfert, F., Wurm, C. A., Mueller, V., Berning, S., Cordes, V. C., Honig-
mann,A., andHell, S.W. (2013)Coaligned dual-channel STEDnanoscopy
and molecular diffusion analysis at 20 nm resolution. Biophys. J. 105,
L01–L03
Super-resolution STEDMicroscopy of Peroxisomes
16962 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291•NUMBER 33•AUGUST 12, 2016
 at D
EF Consortium
 - U
niv Library of Southern D
enm
ark on M
arch 2, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
S-1 
 
Super resolution microscopy reveals compartmentalization of peroxisomal membrane proteins 
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Supplementary Figure 1 
 
Supplementary Figure 1. STED microscope setup and performance. (A) Scheme of the STED microscope 
setup for multi-colour confocal and super-resolution imaging. AOM: acousto optic modulator; SYNC: 
synchronization signal; PBS: polarizing beam splitter; VPP: vortex phase plate; DM: dichroic mirror; BP: 
band pass filter; SH: scanning head; OBJ: objective lens; S: sample. (Right panel) Confocal (upper left) and 
STED (lower right) images of 20 nm fluorescent crimson beads, highlighting the improvement in spatial 
resolution with STED. (B) Confocal (upper left) and STED (lower right) images of nuclear pore complexes 
in fixed human fibroblast cells, immunolabelled with ATTO490LS (left), Abberior STAR 600 (middle) and 
Abberior STAR RED (right); excitation at 485 nm, 594 nm and 640 nm, and detection at 500-570 nm 
(APD1), 605-625 nm (APD3) and 650-730 nm (APD2), respectively, and STED laser at 755 nm. Scale bars 
1 µm. 
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Supplementary Figure 2 
 
Supplementary Figure 2. Further examples of anti-correlation between compartmentalization and 
colocalization of (A) PEX5 vs PEX14 and (B) PEX11 vs PEX14 (compare Fig. 6). Representative patterns 
of the intensity distribution in the circular regions around single peroxisomes for GFP-SCP2 (first row), 
PEX5 in A and PEX11 in B (second row) and PEX14 (third row) from single-colour STED images, and 
results from maximum intensity positions analysis for PEX11-PEX14 from dual-colour STED images 
(fourth row; intensity plotted in green (PEX5 in A and PEX11 in B) or red (PEX14) with black dots 
indicating maximum intensity positions). The regions are ordered from highest to the lowest Pearson’s test 
S-3 
 
colocalization value (left to right and top to bottom), revealing a linear relationship between the distance of 
the maxima in intensity distribution (i.e. increased compartmentalization) and the Pearson's test 
colocalization value, i.e. strong compartmentalization correlates to a low colocalization between the two 
respective proteins (see also Figure 6). 
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